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ABSTRACT
The Measurement and Analysis of Apophis Trajectory (MAAT) concept study investigated a low-cost
characterization mission to the asteroid 99942 Apophis that leverage small spacecraft architectures and technologies.
The mission goals were to perform physical characterization and improve the orbital model. The MAAT mission
uses a small spacecraft free flyer and a bi-propellant transfer stage that can be incorporated as a secondary payload
on Evolved Expendable Launch Vehicles (EELVs), Atlas V or Delta IV launches. Using the innovative secondary
architecture allows the system to be launched on numerous GTO or LTO opportunities such as NASA science
missions or commercial communication satellites. The trajectory takes advantage of the reduced Delta-V
requirement during the 2012- 2015 time frame, with a large flexible launch opportunity, from January to November
2012 and heliocentric injection occurs in April 2013. Primary communications use the traditional Deep Space
Network (DSN) with a secondary system using a laser link demonstrating the technology at greater than Earth-Moon
distances. The spacecraft uses Commercial Off The Shelf (COTS) components and technologies in combination
with a reduced Lunar CRater Observation and Sensing Satellite (LCROSS) instrument suite. The suite includes a
high-resolution navigation camera, two visible mapping cameras, an infrared camera and a laser ranger. The study of
both the physical and dynamical properties of Apophis requires a rendezvous mission, with the spacecraft operating
for several months in close proximity. Physical characterization occurs over three months and includes determining
the mass, density, dynamical state, topography, and geological context of the object that is difficult too determine or
cannot be determined from ground based instruments. Tracking of the spacecraft over several months using the
Deep Space Network (DSN) ensures increased accuracy in orbit determination and combined with physical
characterization allows for the study of non-gravitational forces, such as the Yarkovsky effect. The science data and
analysis can yield physical and orbital characteristics of Apophis several orders of magnitude better than currently
estimated and provide science data that cannot be achieved with ground-based instruments.
INTRODUCTION

characterizing NEAs with 99942 Apophis used as a
specific example.1 The MAAT mission uses an
innovative combination of a small spacecraft free flyer
and a bi-propellant transfer stage that can be
incorporated as a secondary payload on Evolved
Expendable Launch Vehicles (EELVs), Atlas V or
Delta IV launches. The architecture includes a small
instrument suite capable of performing physical and
orbital characterization of sub-km NEAs.1

The Measurement and Analysis of Apophis Trajectory
(MAAT) is a low-cost rendezvous mission to the subkm asteroid 99942 Apophis that has the potential to
dramatically improve our understanding of the physical
properties and orbital dynamics of sub-km Near-Earth
Asteroids (NEAs). The MAAT mission was developed
as part of a concept study conducted at NASA Ames
Research Center to design a low cost approach for
Chartres
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Table 1:

MISSION GOALS AND OBJECTIVES
The mission goals and objectives for MAAT included:
•

•

•

Date

Perform physical characterization of 99942
Apophis in terms of mass, shape, density,
albedo, spin vector, global surface imaging,
topography and thermal inertia

14 Feb 2012
16 Feb 2012
21 Feb 2012
27 Feb 2012
29 Feb – 1 Aug
2012
16 Aug 2012
19 Aug 2012

Determine the baseline orbit of 99942 Apophis
with better precision than ground-based assets
for a significant reduction in uncertainty
concerning the asteroid’s position during its
close 2029 flyby

4 Sep 2012 – 29
Jan 2013

Demonstrate capability to launch low cost
reconnaissance missions to Near Earth Object
(NEO) targets of opportunity

7 Feb 2013
9 Feb 2013
11 Feb 2013
13 Feb 2013

MISSION ARCHITECTURE

13 Mar 2013

The mission was designed to launch as a secondary
payload on an EELV (Atlas V or Delta IV) taking
advantage of the large amount of excess capacity
available from government and industry launches.
Using the secondary payload architecture allows the
system to be launched on numerous Geosynchronous
Transfer Orbit (GTO) or Lunar Transfer Orbit (LTO)
opportunities such as NASA science missions or
commercial communication satellites. Although
initially designed for a mission to 99942 Apophis the
architecture is flexible enough to investigate other
NEAs.

17 Mar 2013
24 Apr 2013
4 May 2013
4 Jun 2013
1 Nov 2013
13 Dec 2013
6 Jan 2014
13 Jan 2014
13 Jan 2014

MAAT takes advantage of the reduced Delta-V
requirement during the 2012-2015 timeframe, with a
large launch opportunity from January to November
2012 and a heliocentric injection in April 2013. The bipropellant transfer stage performs apogee raising,
heliocentric injection and the initial rendezvous burns,
but once it has exhausted its propellant the free flyer is
separated and performs the final rendezvous and
capture burns. A summarized version of the delta-V
budget is provided in Table 1, assuming a nominal 14th
February, 2012 launch date.

Date
20 Jan 2014
27 Jan 2014
27 Jan 2014
27 Jan – 27 Jul
2014
27 Jul 2014
28 Jul 2014

Transfer Stage
Maneuver
Post launch Perigee
raise (185 to 420km
TCM #1
TCM #2
TCM #3
GTO Perigee Altitude
Decay Maintenance
Apogee Raise #1
Apogee Raise #2
Intermediate Orbit
Perigee Altitude Decay
Maintenance
Apogee Raise #3
TCM #4
TCM #5
TCM #6
RAAN Change (allows
~30 min daily launch
window)
High Apogee
Inclination Change
Heliocentric Injection
TCM #7
TCM #8
TCM #9
TCM #10
Rendezvous #1
Rendezvous #2
Transfer stage disposal
5% Contingency
(excluding TCMs)
Transfer Stage Total
MAAT free flyer
Maneuver
Rendezvous #3
Rendezvous #4
Rendezvous TCM
Science & Proximity
Operations
Disposal #1
Disposal #2
5% Contingency
(excluding TCMs)
Free flyer total
Total mission

Delta-V (m/s)
25.0
10.0
10.0
10.0
22.65
346.64
216.82
30.36
207.74
10.00
10.00
10.00
1.91
4.47
1118.1
28.76
5.00
5.00
1.00
201.1
195.0
0.5
118.5
2588.5
Delta-V (m/s)
314.0
40.0
5
50.0
5.0
5.0
21
440
3028.5

The first of two critical requirements that the trajectory
design needs to fulfill concerns the line of apsides,
which needs to be rotated to 315 degrees in order to
perform the critical injection maneuver on the
optimized date of April 24, 2013. To fulfill this
requirement without expending an infeasible amount of
propellant, the effects of the Earth's oblateness on the
spacecraft's orbital line of apsides is harnessed. Such a
rate is roughly fixed while in GTO (about 18
deg/month; see Phase A of Figure 1), but if the apogee
is raised, this rate can be decreased and thus controlled.
This incremental apogee-raising sequence (Phases B, C,
& D of Figure 1) also significantly reduces the gravity
losses experienced near perigee throughout the injection
maneuver, which is important since the transfer stage

Trajectory Design
In order to enable this secondary mission concept, a
flexible trajectory design is implemented to provide a
lengthy launch opportunity while yielding ample dry
mass growth (>30%) on both the bi-propellant transfer
stage and the spacecraft free flyer. The following is a
summary of the trajectory design; a more detailed
description is provided in Reference 3.
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must perform the relatively large injection maneuver
(1,118 m/s of delta-V) without the help of the launch
vehicle’s upper stage.

launch site to be varied, further increasing the
flexibility of the overall trajectory (and mission) design.
Engineering Trades
During the development of the mission concept several
trades and evaluations were performed. Key
performance metrics included the necessary Delta-V to
achieve 99942 Apophis rendezvous, overall mass of the
system and expected science output. The selection of
the secondary architecture over a dedicated launch was
considered with both options investigated. The
secondary architecture was selected as the baseline with
a great amount of effort dedicated to the development
and analysis. The dedicated launch option is
summarized in that section. Trades for the science and
instrumentation included the length of operations;
inclusion of spectrometers and use of a radar or laser
based ranging system. The mission focused on reducing
overall cost for NEA characterization and therefore
selections include the exclusion spectrometers, a laser
ranger and a 6 month duration for science operations.

Figure 1: GTO to Apophis Trajectory Phasing
Sequence. Phase A shows the post-separation GTO;
Phase B shows an intermediate GTO-like orbit, with
a raised apogee altitude of 125,000 km; Phases C &
D show another GTO-like orbit with its apogee
altitude raised to 1.6 million km; a high apogee
maneuver is performed within the transition
between Phases C & D and allows further rotation
of the line of apsides and an inclination-change in
order to target the conditions for the optimized
injection maneuver; Phase E shows the optimized
injection maneuver, which is performed within
Earth's gravity well at about 400 km perigee.

SCIENCE
MAAT addresses two major science goals that merge
scientific exploration with concern about Earth impacts.
These goals are the physical and orbital characterization
of 99942 Apophis. The study of both the physical and
dynamical properties of Apophis requires a rendezvous
mission, with the spacecraft operating for several
months in the close proximity of the target. An
additional mission goal is included although not
directly related to science but more a technical
demonstration that can enable future science missions.
By demonstrating the architecture’s capability to
rendezvous and characterize NEAs it is hoped that
further characterization missions can be launched to a
larger variety of targets including asteroids of different
classes.

The second critical injection requirement results from
the 34.3-degree declination of the launch asymptote
(DLA) needed for Earth-departure. A relatively small
maneuver (less than 33 m/s of delta-V) is performed at
the highest apogee altitude (1.6 million km; transition
between Phases C & D of Figure 1) in order to fulfill
this DLA requirement. Depending on the launch date,
this high-apogee maneuver is either 4.5 or 33 m/s, to
decrease or increase the rate of apsidal rotation,
respectively. This ability to further control the rate of
apsidal precession adds lots of flexibility when
designing the launch opportunity.

Physical characterization will provide insight into the
nature, class and formation of the NEA 99942 Apophis.
The physical characteristics to be investigated include
size, shape, topography, mass, density, spin state and
albedo provide insight into the formation and evolution
of 99942 Apophis and potentially other NEAs. This
information and characterization of NEAs can also
provide information on the evolution of the solar
system and insights into the linkage of Earth and
meteorites. The physical data is also pertinent to
mitigation missions such as those using a kinetic
impactor where the density and mass are important
factors for the mission design.5

The implementation of this trajectory design enables
this mission concept via a 10-month launch
opportunity. The launch opportunity can grow larger
than 1 year if desired, assuming that ample time is
available for mission and schedule development, as
discussed in Reference 4. There also exists the
opportunity to include a lunar swing-by with little
additional Delta-V cost, in order to rotate the orbital
inclination by large amounts to reach more difficult
near-Earth asteroids. A lunar swing-by also allows the
Chartres

Orbital characterization provides information critical to
understanding the information of 99942 Apophis
including improving the understanding of nongravitational forces, such as the Yarkovsky effect. The
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development of more accurate orbital models can assist
orbital models can also be used to assist in the
in narrowing the uncertainty for the Earth close
identification and mitigation of Potentially Hazard
encounters commonly known as the B-plane. The
Objects (PHOs).
Table 2: Science requirements traceability matrix used to determine instrument and mission requirements1

Physical Characterization

Sci.
Obj.

Science Requirements

Orbital Characterization

Instrument

Instrument
Requirements
Spectral wavelength:
0.45 – 0.8 µm
Resolve Apophis at
200,000km

Mission Requirements

Determine if Apophis is a
singular body

Image Apophis and its
gravitational vicinity for
companions

Navigation
camera

Determine shape and
volume to within ±5%

Image entire illuminated
surface
Multiple phase angles and
positions
3 visible wavelengths
Resolution <1m/pixel

Navigation
camera,
visible
cameras

Spectral wavelength:
0.45 – 0.8 µm
Resolution <1m/pixel @
2km

Proximity operations
within 2km of Apophis
Minimum 2 phase angles
and positions
Entire surface coverage

Determine surface
topography

Image entire illuminated
surface
3 visible wavelengths
Resolution <1m/pixel

Navigation
camera,
visible
cameras and
laser ranger

Spectral wavelength:
0.45 – 0.8 µm
Resolution <1m/pixel @
2km

Proximity operations
within 2km of Apophis
Minimum 2 phase angles
and positions
Entire surface coverage
Proximity operations
within 2km of Apophis
Minimum 2 phase angles
and positions
Proximity operations
within 2km
Minimum 2 phase angles
and positions
Entire surface coverage

Determine spin state (rate
& axis) ≤1%
Determine albedo to
within ±10% with surface
distribution 10m

Tech. Demo.

Science Measurements

Image entire illuminated
surface
3 visible wavelengths
Resolution <1m/pixel
Image entire illuminated
surface
3 visible wavelengths
Resolution <1m/pixel
Scene relative brightness ±5%

Visible
cameras

Visible
cameras

Spectral wavelength:
0.45 – 0.8µm
Resolution <1m/pixel @
2km
Spectral wavelength:
0.45 – 0.8 µm
Resolution <1m/pixel @
2km
Measurement
Laser Ranger measure
spacecraft and asteroid
distance ±1m @ 2km
Comm system measures
spacecraft position
<1000m (1σ)
Laser Ranger measure
spacecraft and asteroid
distance ±1m @ 2km
Comm system measures
spacecraft position
<1000m (1σ)

Operations within
200,000km of Apophis

Determine mass to within
±1%

Measure Doppler shift and
spacecraft perturbations
during proximity operations

Laser ranger,
USO,
telecomm and
DSN tracking

Reduce B-plane error
ellipse SMA at 2029
encounter to ~10km

Measure spacecraft and
asteroid range to ±1m over ¼
asteroid orbit
Determine spacecraft position
to <1km over ¼ asteroid orbit

Laser ranger,
USO,
telecomm and
DSN tracking

Determine Yarkovsky
Effect

Observe temperature ±5°C @
300°C for ¼ Apophis orbit
Temperature range of -100 to
300°C
Measure spacecraft and
asteroid range to ±1m over ¼
asteroid orbit
Determine spacecraft position
to <1km over ¼ asteroid orbit

Mid-IR
camera, laser
ranger, USO,
telecomm and
DSN tracking

Laser Ranger measure
spacecraft and asteroid
distance ±1m @ 2km
Comm system measures
spacecraft position
<1000m (1σ)

Proximity operations
within 2km
Spacecraft / asteroid /
Earth ranging over ¼
asteroid orbit

Facilitate Orbital and Physical
Characterization

LCROSS
reuse
Laser Comm
Technology
Demonstratio
n

Imagers spectral range
0.45 – 0.8µm,
temperature variation
±5°C

Operations at great than
lunar distances

Lightweight low cost
instrument suite

Proximity operations
within 2km
Spacecraft / asteroid /
Earth ranging over ¼
asteroid orbit

products that would provide science data useful for the
characterization of a wide variety of asteroids.

Requirements
The mission goals were then further developed to
specific science, instrument and mission requirements
as detailed in Table 2. The definition of science
requirements focused on the development of science
Chartres

~10 flyby and proximity
maneuvers to observe
perturbations

The instruments were selected to meet the science goals
and requirements based on the measurement needs.
During the iterative process of developing the science
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requirements
and
selecting
the
instruments
consideration was also given to the size of the
instrument suite and the mass and power restrictions.
The selected instruments are discussed in the
Instruments section.

Table 3 provides an overview of the parameters or
characteristics that will be determined in comparison to
those values already determined by ground based
observations. Data sets will include low, medium and
high-resolution imagery and laser altimetry of the
asteroid at different angles, positions and stand-off
distances. The data sets produced by the imagers
provide information on the surface composition to
determine if the asteroid is homogenous or
heterogeneous, and is monolithic or a rubble pile.

The mission requirements for science operations flow
from the science measurement needs through the
instruments capabilities to assist in defining the science
operations.
Physical and Orbital Characterization
The physical characterization will be performed with
the mapping and mid-wave infra-red (MIR) cameras
and the laser ranger. The navigation camera is used for
high resolution images of selected targets. The physical
characteristics of 99942 Apophis can then be compared
with other sub-km NEAs such as Itokawa and other
known asteroids.
Orbital characterization is achieved by tracking the
spacecraft over several months to increase accuracy in
orbit determination and allow for the study of nongravitational forces, such as the Yarkovsky effect.
Orbital characterization is achieved using an Ultra
Stable Oscillator (USO) and radio science techniques
from DSN including two-way Doppler tracking,
Ranging and Delta Differential One-way Ranging
(DDOR).

Figure 2: A representative 3D shape model that can
be developed with the MAAT instrument suite
The mass model of 99942 Apophis will be determined
by reconstructing the spacecraft trajectory during close
approaches and proximity operations. The 3D shape
model, Figure 2, will be developed using a combination
of altimetry measurements and the image sets provided
by the visible, navigation and MIR cameras. The
combined shape and mass models can assist in the
development of a mass distribution and density model,
key factors for the development of mitigation missions.5

Science Products
The science data and analysis is expected to yield
products that include the physical and orbital
characteristics of 99942 Apophis with better results
than currently estimated and provide new information
that cannot be achieved with ground-based instruments.

Table 3:

Comparison of science products obtained from MAAT science operations and ground
measurements 1 & 2

Measured Parameter or
Characteristic
Orbit determination
Size
Mass
3D Shape
Density
Surface Topography
Spin State (Rate and
Axis)
Albedo
Thermal Inertia
Yarkovsky Effect

Chartres

Ground Measurements

Baseline Science

Science Enhancement Option

Yes, ~30 km SMA error ellipse
at 2029 encounter
Major axis ratios only, diameter
270±60m
No direct measurement; factor of
10 uncertainty in estimate
No direct measurement; factor of
4 uncertainty in estimate
No direct measurement
No information

Yes, 11.9 km SMA error ellipse at
2029 encounter

Yes, 6.7 km SMA error ellipse at
2029 encounter

Direct measurement within 5%

Direct measurement within 5%

Direct measurement within 1%

Direct measurement within 0.5%

Direct measurement within 5%

Direct measurement within 5%

Determination within 5%
Direct imaging @ 10 cm/pixel

Determination within 5%
Direct imaging @ 10 cm/pixel

Limited information ~30%

Direct measurement within 1%

Direct measurement within 1%

Direct measurement 0.3 to 0.4;
25% uncertainty.

Direct measurement with surface
distribution
Determined by modelling surface
temperature
Direct measurement

Direct measurement with surface
distribution
Determined by modelling surface
temperature
Direct measurement

No information
Limited information
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The science data will determine if there are orbiting
companions and assist in verifying the asteroid class
and allow a comparison to other sub-km NEOs such as
Itokawa. The data will also assist in understanding the
evolution of the solar system, investigate the linkage of
Earth and meteorites, and assist in the mitigation of
potential hazards arising from NEOs. The expected
level of uncertainty in the B-plane error will not
determine if the asteroid will pass through the keyhole
but has greater potential to prove that it will not pass
through it.

late for the development of a mitigation mission if one
is needed. Currently the close encounter is predicted for
2029 with a possibility for a resonant return occurring.
The resonant return can potentially result in an Earth
impact in 2036. If this impact is the case a mitigation
mission would need to be launched before the 2029
close approach, to push Apophis out of the keyhole.

Covariance Analysis
Orbital characterization is accomplished using the
MAAT spacecraft free flyer as a beacon flying in
formation with 99942 Apophis. The Earth based
tracking uses the on-board transponder coupled to the
USO timing signal to perform DSN Doppler tracking,
ranging and Delta Differential One-way Ranging
(DDOR). Although there is often bias present in the
exact position of celestial bodies a covariance analysis
was performed taking into account known uncertainties.
These uncertainties included those typical for DSN
tracking, spacecraft thrusting and asteroid stochastic
uncertainties.
Table 4: Predicted improvement of Apophis error
ellipse during the 2029 Earth closest approach based
on the use of ground based assets (F2 –Two-way
DSN Doppler tracking, SRA –Sequential Ranging
Assembly, DDOR –Delta Differential One-way
Ranging)
Semi
Major Axis
(m)

Semi
Minor
Axis (m)

Axis Normal
to B-Plane
(m)

F2, SRA (12
months)

71,000

770

8,900

F2, SRA, DDOR (6
months)

11,860

19

1,410

F2, SRA, DDOR
(12 Months)

6,670

14

800

Ground
measurements

Figure 3: Results from covariance analysis showing
the B-plane semi major axis for 99942 Apophis as a
function of time based on the using Two-way
Doppler, Ranging and DDOR over different
tracking periods.
The science data can also provide insight into the nonKeplerian perturbations that affect the orbit of 99942
Apophis including the Yarkovsky effect. Further
understanding of the impact of the solar pressure,
thermal absorption and emission can assist in reducing
the uncertainties in the orbital models and B-plane semi
major axis.
Science Operations
The major science operations occur over 6 months
beginning with navigation camera imagery used to
locate 99942 Apophis prior to the rendezvous burns.
The navigation imagery is also used to determine if the
asteroid is a singular body or has orbiting companions.
Table 5 provides an overview of the major operations
using a weekly time schedule. After completion of the
rendezvous and capture burns several flyby operations
are performed at distances of 100, 20 and 5km to assist
in mass determinations.

Table 4 provides the results of the simulations with the
different science operation periods (6 and 12 months)
and whether DDOR operations are included. The
assumptions for this analysis include 2 baseline DDOR
measurement per month and 3 passes per week for the
two-way Doppler and ranging. Additional two-way
Doppler and ranging measurements are taken early
during science operations.
Figure 3 shows the result of the covariance analysis in
comparison to ground-based measurements. The semi
major axis is shown on a logarithmic scale. Notice the
large improvements made by longer duration science
operations. Although it is shown that Arecibo
measurements in 2020 and 2021 will surpass the
measurements taken by the MAAT they will come too
Chartres

The baseline science operations include three 3-week
imaging modes that record asteroid data sets using the
imagers and laser ranger at different standoff distances
of 5, 2 and 1km. Each imaging mode includes 4
different imaging positions for different lighting and
6
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phase angles. The preliminary design of the asteroid
imaging sets include 3 images from each camera (2x
Visible, MIR, Navigation) and 10 pulses from the laser
ranger system taken every 30 minutes which equates to
6 degrees assuming the current estimated rotational
period of ~30 hours.

different science operation durations.
Table 6: Predicted improvement of Apophis error
ellipse during the 2029 Earth closest approach

Table 5: MAAT science operations timeline
showing the number of weeks devoted to each major
operation 1
Operations
Rendezvous Burns 1 & 2
Capture Burns 1 & 2
100 km Flyby
20 & 5 km Flyby Standoff
Imaging Mode 1 (5km)
2 km Flyby & Standoff
Imaging Mode 2 (2km)
1 km Flyby & Standoff
Imaging Mode 3 (1km)
Flyby & Standoff to 5km
Orbital Tracking & DDOR
Phase F Decommission

Number of Weeks
2
2
1
1
3
1
3
1
3
1
12
1

Semi
Minor
Axis (m)

Axis Normal
to B-Plane
(m)

Science Floor (2-3
months)

18,496

34

2,220

Baseline Science (6
months)

11,860

19

1,410

Science
Enhancement (12
Months)

6,670

14

800

INSTRUMENTS
Although interplanetary spacecraft and asteroid
missions typically use a large number of instruments
including imagers, various spectrometers (Gamma Ray
/ Neutron / Visible and Near Infra-Red) and rangers
(laser or radar), a reduced low cost instrument suite can
also provide considerable science data and products.
The MAAT spacecraft is equipped with a suite of
sensors and imagers adapted from the Lunar CRater
Observation and Sensing Satellite (LCROSS) mission
including a laser rangefinder based on the Total
Luminescent Photometer (TLP). Table 7 provides the
specifications for these instruments including mass,
average power and data product size. The instruments
are mounted to the spacecraft free flyer with a single
panel housing all apertures. Co-boresighting the
instruments simplify the science operations and
correlates science data assisting in the development of
the science products and models. Heaters and
thermostats provide thermal control of the instruments.

Each imaging mode also includes three repositioning
maneuvers used to obtain the next viewing angle that
are combined with DSN ground-based instruments to
provide additional information for mass determination.
Each week of the imaging modes also includes five 8
hour DSN contact times for downlinking science data,
spacecraft telemetry and state of health. The remaining
time from the imaging mode is used as a buffer to allow
for corrupted data, missed contacts or extra DSN
contacts and/or science data collection to meet science
objectives. Following these imagery modes a further 3
months is provided for additional orbit determination
using
flybys
and
ground-based
instruments.
Decommissioning is achieved through two small
maneuvers that move the free flyer to a heliocentric
orbit that prevents collision with 99942 Apophis.

Navigation and Mapping Cameras
The navigation and mapping cameras are CCD based
commercially available cameras modified and
ruggedized for use in the space environment, the same
as those used on LCROSS except with a larger sensor
format. The navigation camera is used for initial 99942
Apophis location prior to rendezvous burns, position
and trajectory information, high-resolution imagery and
detecting the presence of asteroid companions. The
navigation camera also provides a back up capability to
the mapping cameras.

The minimum science mission (or science floor) can be
accomplished in 2-3 months providing imagery and a
coarse 3D shape and mass models. Therefore a large
amount of science return can be achieved early in the
science operations period during the period of higher
achievable data rates and is also beneficial for riskier
modified Class D missions.
Science Enhancement Option
The Science Enhancement Option (SEO) mission
would include an additional 6 months of science
operations following the baseline mission. The SEO
would focus on further refining the orbit of 99942
Apophis but there is also the potential to return extra
imagery data including supplementary high-resolution
data of select surface targets although at a reduced data
rate. Table 6 provides information the expected B-plane
errors during the 2029 Earth close approach for the

Chartres

Semi
Major
Axis (m)

Mission Science
Duration

The mapping cameras provide data for two spectral
bands, 0.47µm blue and 0.62 µm red, that can be
differenced to provide a third color giving the required
three color channels derived from the science goals.
The field of view of the mapping cameras is designed to
cover the entire asteroid with a spatial resolution better
than 1m at a distance of 2km. At the planned closer
standoff distances the mapping cameras will provide s
spatial resolution of ~10cm. The mapping cameras will
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provide information on albedo, surface topography,
composition, topography, shape, size and spin state.
The image sets will also determine if the asteroid is
Table 7:

homogenous or heterogeneous and consists of rock or
rubble pile.

Instrument Specifications

Navigation Camera

Mapping Cameras

Midwave Infrared
Camera

Laser Ranger

Data Handling
Unit

Measurement
Objective

Target acquisition
and navigation

Terrain mapping and
albedo

Surface temperature

Navigation and orbital
determination

Instrument
control and data
handling

Sensor Type

Sony IT CCD

KODAK CCD

Micro-bolometer

APD

Black fin
processor

LCROSS

LCROSS

LCROSS

LCROSS

LCROSS
6

Instrument

Image

Heritage

6

6

6

Laser: 3
Receiver: 6

Mass (kg)

1.8

0.3

0.3

3.7

2.7

Average Power
(W)

5.8

5

4

10

10

Dimensions L x
W x H (cm)

6x4x4

5x4x4

3x3x4

15 x 10 x 10
10 x 4 x 2

16 x 12 x 15

IFOV (µrad)

43

100

380

FOV (deg)

3

6

6

Wavelength
Range (µm)

0.45-0.8

Mono
0.47 (red)
0.62 (blue)

7.5 - 14

1.01

N/A

4194304

786432

57600

24

32

Component TRL

Compressed data
/ sample (bits)

Figure 4 provides sample fields of views for the
imagers projected onto a candidate asteroid with a
length of ~250m at a standoff distance of 2km. The
sample resolution provided shows how the mapping
cameras will be able to identify surface features and
assist in the development of the 3D shape model.
Midwave Infrared Camera
The MIR camera is an Alphasilicon uncooled microbolometer suitable for use in the space environment,
similar to the LCROSS design except it uses a larger
sensor format. The MIR camera provides information
on the surface temperature and variation useful for
determining the surface characteristics and the
Yarkovsky effect. The camera operates without a filter
and covers a spectral range of 7.5 to 14µm based on the
intrinsic sensor response. The camera is sensitive to
temperatures between -100 and 400°C with
approximately ±2°C accuracy. Sensitivity
is
temperature dependent and designed for the expected
99942 Apophis surface temperatures.

Figure 4: MAAT camera fields of view projected
onto an asteroid with a length of ~250m note the
MIR field is larger than can be displayed for
readability. The zoomed in box provides an example
of the high-resolution imagery that can be achieved
with the navigation camera.
Chartres
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Laser Ranger System (LRS)
The Laser Ranger System (LRS) provides range
information between the spacecraft and 99942 Apophis
with accuracy better than 3m at a distance of 6km. The
LRS is not a scanning instrument but forms a ~1m spot
at 2km distance to provide discrete topographical data
that can be directed by asteroid rotation, spacecraft
pointing, position and phase angle to generate a data set
that can be coupled to imagery data to form a 3D shape
model. The laser ranger is also used in combination
with the USO during radio science to track the
baricenter of the spacecraft and asteroid. The LRS uses
a Miniature Q-switched Oscillator (MQO) laser
combined with an Avalanche Photodiode (APD)
receiver, an extension of the TLP used on LCROSS.

Table 8:

Imaging
Mode 1

Imaging
Mode 2

Imaging
Mode 3

Duration (Weeks)

3

3

3

S/C Distance from
Apophis

5km

2km

1km

Number images per
camera

3

3

3

Rotation between
images (degrees)

6

6

6

Duration Between in
images (mins)

30

30

30

Total Number of
images

540

240

240

Laser Ranger Pulses
per image period

10

10

10

Number of asteroid
image sets

9

4

4

Total Science Data
(kbits)

4,193,914

4,193,914

4,193,914

CCSDS Overhead
(10%) (kbits)

419,391

419,391

419,391

Total Data (kbits)

Elements

Data Handling Unit (DHU)
The Data Handling Unit (DHU) provides the data and
power interface between the spacecraft bus and the
instruments. The DHU uses a black fin processor,
dedicated video compression board and has RS-422
interfaces to the spacecraft bus. The DHU have 10 nonvolatile memory slots for storing pre-planned
instrument sequences for different science mode
operations. Individual instrument control, data
formatting and compression is performed using predefined and extensively rehearsed sequences stored
within the DHU that can be updated during spacecraft
contact periods. Power switching and voltage regulation
for the instruments is also provided internally by the
DHU.
Science Data Analysis
The DHU handles the data transfers the science data to
the spacecraft using formatted CCSDS packets that are
stored awaiting later downlinking to the ground. The
science data collection and onboard memory storage are
sized to ensure sufficient margins incase of missed
contacts or corrupted data that needs resending.

4,613,305

4,613,305

4,613,305

Number of
propulsion
maneuvers

3

3

3

Duration of
propulsion
maneuvers (days)

1

1

1

Number of DSN
Contacts

15

15

15

DSN Contact Period
Duration

8

8

8

Total Download
Capacity (kbits)

6,969,600

9,835,200

8,683,200

Margin (kbits)

2,356,295

5,221,895

4,069,895

51.1

113.2

88.2

Margin (%)

GROWTH AND MARGINS

The most data intensive portion of the science
operations occurs during the 3 three week imaging
modes. Each imaging mode was analyzed to ensure that
the data taken could be downlinked based on the
science operations. The data rates are taken using the
system specified in the Communications subsection of
the Spacecraft Free Flyer section. Each 3 week imaging
mode produces ~4.6Gigabits of science data as
calculated in Table 8. The 15 planned 8 hour DSN
contact periods are easily available to downlink the
science data with sufficient margin allowing for
spacecraft telemetry and off-nominal conditions.

Chartres

Science Data from major imaging
operations (Modes 1, 2 & 3)

The maximum mass of the MAAT flight system is
fundamentally limited by the excess mass available to
the launch vehicle’s secondary payload after it has
delivered its primary payload to Geosynchronous
Transfer Orbit (GTO). At this time, the mass of the
primary payload sharing the launch vehicle is unknown.
Since the Delta IV and Atlas V are highly capable
launch systems, it is assumed the mass limitations on
the MAAT system are internally determined by the
ability of the transfer stage and spacecraft to impart
sufficient energy (or Delta-V) to achieve the mission.
The transfer tank propellant tank sizes are limited by
certain volume constraints within the launch vehicle
shroud. Hence, the total transfer stage Delta-V is
limited, which in turn limits the total mass of the
9
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MAAT system to 1435 kg. The current best estimate
(CBE) of total mass of the flight system is 1257 kg,
including 807 kg of propellant. The propellant mass is
fixed, based on the transfer stage configuration. The
mass contingencies and margins are, therefore, based
on the dry mass of the systems.
Minimizing the free flyer mass is also important to
achieving Delta-V margins. The free flyer mass is
limited to 180 kg. The current best estimate of the
spacecraft mass is 136 kg, which includes 26 kg of
propellant.
Table 9:

Mass and power summary by subsystem
MAAT Spacecraft
Subsystem

Mass [kg] Average Power [W]

Instruments

9.3

Laser comm

25.7

34.8
9

ADCS

5.5

21.4

C&DH

5.2

24.5

TT&C

6

6.6

Propulsion

18.2

0.2

Power

14.7

In C&DH

Structures

22.7

Thermal

3.2

3.9

Dry mass

110

100

Contingency (25%)

27.6

25

Propellant Usable

163.6

The MAAT system, including the free flyer and transfer
stage, makes extensive use of commercial and
previously qualified systems, components and sensors
to reduce technical, cost, and schedule risk. The MAAT
free flyer is a variant of the NASA ARC Common Bus
designed to fit within the secondary launch envelope
defined for EELVs. A partially transparent view of the
MAAT spacecraft, with solar arrays deployed, is shown
in Figure 5. Table 9 provides a detailed breakdown at
the subsystem level for the free flyer providing mass
and average power summaries.

125

Bi-prop transfer stage
Dry mass with contingency (20%)

376

Residuals

8.7

Burn out mass

384.7

55
55

Propellant

807

Wet Mass

1191.7

55

Total System Mass

1355.3

180

Interface to the Free Flyer
The free flyer is mounted to the transfer stage using a
standard motorized separation ring. The free flyer and
transfer stage interface include quick disconnects for
power and data. The free flyer avionics are used to
provide inertial reference data and thruster commands
that are translated to specific thruster solenoids via the
transfer stage avionics. The transfer stage houses its
own batteries with the mounted solar arrays providing
additional charging to the free flyer during cruise
operations. The transfer stage also houses omni
directional patch antennas that are driven by the free
flyer communication system.
SPACECRAFT FREE FLYER

26

Wet mass with contingency

The bi-propellant transfer stage is a proprietary design
that cannot be discussed in detail. The transfer stage
performs apogee raising, heliocentric injection and the
initial rendezvous burns, but once it has exhausted its
propellant the free flyer is separated and performs the
final rendezvous and capture burns. The transfer stage
also includes additional solar panels and antennas
linked to the free flyer to ensure power and data
delivery during trajectory phasing and cruise.

The mass, power and contingencies for the transfer
stage, Spacecraft, and total MAAT system are
summarized in Table 9. The spacecraft mass growth
contingency is 25% and the OMS contingency is 20%.
The reason for assuming a lower transfer stage
contingency is because most of the mass consists of
known components and structures and therefore will
have very little mass variability. It is likely that
MAAT’s launch vehicle will have capacity beyond this
performance either by being matched with a primary
payload and EELV configuration with enough capacity
or by taking advantage of extra push beyond GTO by
the Launch Vehicle.
TRANSFER STAGE
The MAAT mission uses an innovative combination of
a small spacecraft free flyer and a bi-propellant transfer
stage that can be incorporated as a secondary payload
on EELV (Atlas V or Delta IV) launches.
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Figure 5: MAAT spacecraft free flyer (transparent)
showing an internal view with bus internals and
instruments mounted (grey panel)
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Structures and Mechanisms
The MAAT structural design relies on materials and
techniques developed for the ARC Common Bus
architecture. Originally the ARC Common Bus was
designed around an octagonal space frame comprised of
carbon composite honeycomb panels, lightweight
tubing and metallic fittings. The free flyer is designed
as a secondary compatible spacecraft with the structure
reconfigured into a rectangular prism. The free flyer
structure also uses similar carbon composite
honeycomb panels and metallic (aluminum or titanium)
fittings with aluminum longerons for side panel fittings.
Attitude Determination and Control Systems (ADCS)
The free flyer is 3-axis stabilized and uses an Inertial
Measurement Unit (IMU), star tracker and 6 coarse sun
sensors to provide attitude knowledge. The ADCS has
been designed to operate under a series of different
modes during the mission. Attitude quaternions are
provide by the star tracker to the bus at 1 Hz to calibrate
the IMU. The spacecraft attitude knowledge is greater
than 70 arcseconds with a stability >30 arcseconds.
Three reaction wheels each have a momentum storage
capability of 1 N-m-s and are used for slewing and
pointing with a slew rate capability of >2 deg/s.
Momentum dumping and desaturation is achieved using
the propulsion system.
Propulsion
A bi-propellant (N2H4/N204) propulsion system
provides momentum dumping capability with 4
propellant tanks using 2 helium pressurant bottles for
blow down. The bi- system uses a large main thruster
capable of several 1000N’s of thrust and two clusters of
3 reaction control system (RCS) thrusters in a bowtie
configuration. The main thruster in combination with
the RCS thruster are used to perform final rendezvous
and capture burns. The RCS thrusters are then used for
science operation maneuvers around 99942 Apophis
and main thruster when needed. The 4 spherical tanks
are capable of storing 26kg of usable propellant.
Depending on operations the system provides a delta-V
capability of ~550m/s easily meeting the mission
requirements for capture, proximity operations and
decommissioning.
Command and Data Handling (C&DH)
The 3U form factor avionics are combined into a single
unit including processor, I/O card, power and voltage
regulation, telemetry and command, data bus, storage
and interface to the DHU. The processor and on-board
storage have large performance margins enabling them
to be adaptable to a variety of science operations and
asteroid targets. The processor is capable of 400 MIPS
with the Current Best Estimate (CBE) for processor
usage being ~20-40 MIPS. There is an additional empty
Chartres

11

card slot available that allows the avionics unit to be
flexible to memory requirements increase or the
accommodation of an additional instrument for future
or different asteroid target missions. The avionics have
sufficient radiation hardening to survive the mission
and also includes dual redundant bootable memory
incase of safe mode or single event upsets.
An Ultra Stable Oscillator (USO) provides an accurate
timing signal to the avionics and communications
system for use in radio science operations. The USO
has a frequency aging of 5.0E-11/Day, 1.5E-8/year at
5MHz.
Flight software
The flight software is designed to be modular and
where possible take advantage of reuse from existing
and previous programs. The code is estimated to be
~85% reuse. The software effort is focused on early
development and testing using simulators and
engineering development units. The flight software
covers all mission operating modes, including:
•

Safe mode

•

Phasing and cruise

•

Calibration and checkout

•

Rendezvous and capture

•

Proximity maneuvers

•

Imaging modes

•

Data Downlinking

•

Orbital tracking

•

Decommissioning

The flight software is also developed in conjunction
with the ground systems including Mission Operations
Center (MOC) and Science Operations Center (SOC).
Electrical Power System (EPS)
The free flyer operates with a standard bus voltage of
28 ± 5V. The integrated avionics unit provides power
regulation and control for the spacecraft bus using a
Direct Energy Transfer (DET) design. The Data
Handling Unit (DHU) provides the power regulation for
the instruments.
The two flight proven 4.5A-hr Li-Ion batteries are
provided power by the 0.72m2 high efficiency >27%
triple junction GaAs solar arrays producing a Beginning
of Life (BOL) power of 173W and End of Life (EOL)
power of 162W at 99942 Apophis distances. The solar
array area is split between two solar arrays that are
mounted using 90 degree one time deployable hinges.
The panels will be restrained in their stowed
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configuration by Frangibolt non-explosive actuators
with fittings. Small body mounted fixed arrays are also
included to ensure the spacecraft is power positive
during all operational states. Carbon composite
substrate panels will be used for backing all solar arrays
to minimize coefficient thermal expansion mismatch
providing greater operational lifetime.
Thermal
The variety of different space environments
encountered during including GTO, orbital phase,
heliocentric cruise and proximity operations requires a
thermal control system that is able to maintain all
subsystems and components within operation limits.
The thermal control system is cold biased with
additional heater power used to maintain system
temperatures. Preliminary thermal balance calculations
indicate worse case environment is during science
operations around 99942 Apophis, shown in Figure 6.
The system is designed to maintain temperatures in the
operable range at this point of the mission.

AU is shown in Table 10. All parameters remain
constant except the path loss as the distance increases
resulting in a reduction of data rate. Figure 7 shows the
achievable data rate for the mission timeline taking into
account changes in path length due to the trajectory,
5W RF power, QPSK modulation, Reed Solomon
Viteribi encoding and a margin of 3dB. The peak in
data rates after 99942 Apophis rendezvous is used to
send back the major science data products produced by
the imagers. During science operations the maximum
data rate achieved is 27.3 kbps with an average of 13.5
kbps which is capable of returning all science data and
spacecraft state of health.
Table 10: Link budget example calculated at a
distance of 0.3 AU
Comm Parameter
Frequency (GHz)

Uplink
8.47

Downlink
2.10

Transmit Power (W)

5.00

1000.00

Transmit Line Loss (dB)

-1.00

-1.00

Transmit Pointing Loss
(dB)

0.12

0.12

MAAT 0.6m HGA

DSN 34m Beam
Waveguide

Net Antenna Gain (dB)

31.57

54.76

EIRP (dB)

37.56

83.76

Minimum Elevation (°)

10.00

10.00

Path Length (AU)

0.30

0.30

-264.07

-251.96

-1.00

-1.00

Antenna

Path Loss (dB)
Atmospheric Loss (dB)
Space Loss (dB)
Antenna

Figure 6: Thermal model during Apophis
proximity Maneuvers
The thermal system maximizes passive methods
including Multi-Layer Insulation (MLI), thermal
coatings and directional heat paths within the spacecraft
structure. All thermal hardware including materials and
coatings have prior flight heritage. Active elements
include heaters and thermostats to maintain thermal
system stability especially in and around key
components such as the avionics and instruments.
Communications
The primary telecommunication system uses a 0.6m
parabolic reflector High Gain Antenna (HGA) and
fixed micro-strip patches coupled to an X-band
transmitter and S-band receiver designed to interface
with DSN 34m Beam Waveguide (BWG) antennas. The
microstrip patches are used during safe modes to ensure
contact with the Earth in case of off-nominal
conditions. The link budget containing the
communication system parameters at a distance of 0.3
Chartres
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-265.07

-252.96

DSN 34m Beam
Waveguide

MAAT 0.6m
HGA

Pointing Loss (dB)

-0.11

-0.12

Net Antenna Gain (dB)

68.30

15.69

Boltzman Constant (dB)

228.60

228.60

Noise Temp (dB)

15.50

6.99

BER=10E-5

BER=10E-5

QPSK Plus RS, R1/2, K=7 Viterbi

QPSK Plus RS, R1/2, K=7 Viterbi

Actual Data Rate (kbps)

40.91

145.45

Total Ground / S/C
(dB)

235.28

185.67

Link Eb/No (dB)

7.77

16.48

Implementation Loss
(dB)

-2.00

-2.00

Required Eb/No (dB)

2.70

2.70

Margin (dB)

3.07

11.78

Bit Error Rate
Modulation and
Encoding
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data that can be returned compared to the 10 to 30 kbps
achieved with the RF system during science operations.
Ground Segment
The ground system connects the DSN to the Mission
Operations Center (MOC) and Science Operations
Center (SOC). The MOC includes personnel and
resources for command and telemetry, flight dynamics,
engineering support, data and flight operations. The
SOC provides input for instrument operations and is
responsible for data formatting, storage and analysis.

Figure 7: Communication link data rate for
baseline mission operations calculated using Table
10 with a 3dB margin. The blue line shows the
phasing and cruise portions of the trajectory, red is
primary science operations and the orange is for the
science enhance option.
Laser Comm
A secondary communication system using an optical
Laser link will be included on the free flyer that will
demonstrate operations at greater than trans-lunar
distances. The laser comm system provides a proof of
concept for deep space laser communications for the
next generation of space exploration missions. The free
flyer houses a 70mm optical module mounted to a twoaxis gimbal platform, shown in Figure 8. The laser
comm can potentially return larger amounts of science
data than achievable with a traditional RF system but
requires the higher pointing accuracy and stability
provided by the independent 2-axis gimbaled mounting
system.

Figure 8: A laser comm terminal representative of
the type planned for the free flyer
During science operations a laser comm terminal with
sufficient point ahead can provide data rates of ~75 to
400 kbps. These data rates can significantly reduce the
contact times or increase the amount of raw science
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Mission Operations Center
The MAAT MOC will be located at the NASA Ames
Research Center Multimission Operations Center
(MMOC). This operations center has been developed
by ARC to provide the necessary connectivity and
computing resources required to support several
missions simultaneously. MAAT operations will be
operated in similar fashion to that planned for the
upcoming LCROSS mission with day-to-day planning
for the mission conducted in the MMOC with command
transmission and telemetry reception occurring using
DSN assets. Additional analysis of the incoming
telemetry will be performed by KinetiX to provide
navigation and flight dynamics solutions to the MAAT
operations staff.
MAAT operations will start with staffing levels similar
to LCROSS but will be able to reduce staffing levels
during cruise operations. Longer cruise duration with
larger intervals between contacts and critical events will
enable the reduction in staffing to save in overall
mission costs. Operator screens and testing
environments will be developed based on the systems
being developed for LADEE.
Science Operations Center
The MAAT SOC will be collocated at the ARC MMOC
again in similar fashion to that developed for LCROSS.
Data products will be received at the MOC and
engineering data will be decommutated and basic
analysis performed to correlate navigation data with
science data. The MAAT data pipeline will be
developed to combine mapping camera data with
telecommunications, navigation and flight dynamics to
generate the mapping and gravity models described
previously. Distributed analysis among the local and
remote science team members will rely on methods
developed for the NASA Astrobiology and Lunar
Science Institutes. These virtual institutes have
pioneered several distributed communications and data
processing techniques for collaborative analysis.
ASSEMBLY, INTEGRATION AND TEST (AI&T)
The assembly integration and testing for the MAAT
system uses a tailored Class-D approach with focused
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testing. The assembly and integration plan for the
MAAT vehicle relies on early and repeated testing of
the vehicle subsystems in simulated environments. The
propulsive transfer stage will be tested on air bearings
to validate ADCS algorithms and the MAAT freeflyer
algorithms for ADCS, power management and
telecomm transitions will be tested in tethered and
untethered flight configurations relying on equivalent
terrestrial hardware. In this way, software builds will
be developed and exercised in conjunction with vehicle
design well prior to final flight hardware assembly.
In addition to this testing plan, extensive testing of the
propulsion systems will be conducted to ensure two
fault tolerance for all failures and to ensure system
lifetime during transit and operations. The entire
transfer assembly will undergo environmental
qualification testing to verify system design. In general,
testing will be performed to GEVs specifications. The
reliance on early functional testing of software and
conducting environmental testing to well understood

standards will serve to verify system and software
design.
SCHEDULE AND COST
The mission was designed to have a relatively short
development cycle in comparison to other
interplanetary probes since the mission, spacecraft and
transfer stage do not include a large amount of
development items. The use of COTS and existing
components significantly reduces the development time
allowing for a larger amount of testing prior to launch.
Figure 9 shows the nominal mission schedule including
the design, development, assembly, integration and test
(AI&T), cruise and science operations phases of the
mission. The mission has a large launch opportunity
January to November 2012 and 3.25 months of funded
schedule reserve that provides a large amount of
flexibility for schedule slips.

Figure 9: Mission schedule showing the development and flight Phases A through E
A grassroots cost estimate for the MAAT mission was
developed using a variety of tools including vendor
ROM pricing, subcontractor quotes, parametric
estimating tools, previous experience and data from
other programs including LCROSS. The parametric
tools included the NASA Air Force Cost Model
(NAFCOM) and the DSN costing template, provided by
the Future Mission Planning (FMP) office at the Jet
Propulsion Laboratory’s Deep Space Mission System
(DSMS).6 Based on all these tools and methods the total
mission cost was estimated to be ~$135M including
30% reserves. The cost estimate assumes a Class-D
mission with focused testing.
Independent Cost Estimate
The Aerospace Corporation also performed an
independent cost estimate (excluding the laser
communication system) as a means of verification and
validation of the grassroots estimate. An acceptable
difference of ~18% was obtained using the standard
70% S-curve cost.
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DEDICATED LAUNCH OPTION
A dedicated launch architecture for the MAAT mission
was also investigated as an alternative to the secondary
architecture. The dedicated architecture presents many
benefits and trades that merit consideration. Most
significantly, a dedicated launch removes the mission’s
reliance on the partnership and schedule arrangements
needed to coordinate with the primary launch payload.
Although there is a large launch opportunity, schedule
issues associated with coordinating the baseline mission
launch opportunity can pose a mission risk for
interplanetary missions that must meet specific
heliocentric insertion opportunities. A dedicated launch
can mitigate these scheduling risks but will entail
higher overall launch costs.
The dedicated launch architecture retains nearly all
elements of the secondary mission design and
implementation plan. Identical or nearly identical
mission elements between the two launch architectures
include: science investigation and operations; ground
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systems and operations; organizational structure and
mission management. Avionics components or
functionality of components are nearly the same for the
ACDS, power, C&DH, flight software, thermal, and
telecommunications subsystems. Primary changes that
result from the dedicated launch scenario occur in the
launch interfaces, spacecraft structure and the
propulsion subsystem. Additionally, AI&T only needs
to be performed for the MAAT spacecraft under the
dedicated launch architecture, as the launch vehicle
provides the necessary departure energy and a Star
motor provides the rendezvous energy.
Mission Overview and Science
The iterative requirements development process, as
before, is driven by science goals, as well as tight
technical and cost budgets. The science goals and
expected data products remain the same for the
dedicated mission. The science instrument suite on the
dedicated mission is identical to the secondary mission,
and takes full advantage of previous development
efforts from the LCROSS program at Ames Research
Center. The baseline science operations also remain the
same but the larger spacecraft antenna provides great
data rates for downlinking resulting in large margins for
science data return.
Launch Vehicle
The Falcon 9 and Taurus 2 launch vehicles have
enough performance to inject the MAAT system into
the heliocentric transfer trajectory necessary to
rendezvous with 99942 Apophis. These launch vehicles
are under development and are expected to be
operational in 2010-2011. A dedicated launch would be
planned for May 2012 providing a buffer for delays in
launch vehicle development. Dedicated launch vehicles
below this performance capability are determined to be
incapable of meeting mission requirements for
heliocentric
injection,
with
the
technology
demonstration of the laser communications system.
The dedicated launch vehicle directly inserts the
spacecraft into a heliocentric trajectory, removing the
need for orbital phasing maneuvers. Consequently the
development schedule can be reduced with the May
2012 heliocentric injection opportunity. Earth-Apophis
distances are shorter using this opportunity, creating
increased RF communication data rates for the science
mission.
The Falcon 9 has a ~1250kg capability and the Taurus 2
has a ~975kg capability to the necessary departure C3
of about ~8.3km2/s2 for the 2012 opportunity. This
opportunity has the minimum departure C3 of all the
injection opportunities in this time frame. The total
mission Delta-V is larger than the 2013 opportunity
because the Apophis rendezvous Delta-V is much
Chartres
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higher at over 2km/s. A Star motor is attached to the
MAAT spacecraft to provide the necessary braking
Delta-V required to rendezvous with 99942 Apophis.
Since the rendezvous burn is carried out in steps, the
Star motor provides 80-90% of the burn followed by
smaller capture burns carried out by the MAAT
spacecraft.
Spacecraft
The standard Ames Common Bus structure, with
heritage to the Lunar Atmosphere and Dust
Environment Explorer (LADEE) mission, will be used
in the dedicated launch scenario to leverage greater
design and testing heritage. As with the secondary
mission architecture, the MAAT spacecraft (standard
ARC Common Bus) is a tailored Class D small
spacecraft single string design utilizing COTS parts.
In the dedicated launch scenario, the spacecraft is
directly inserted into the heliocentric trajectory; this
architecture does not require a transfer stage, which
reduces AI&T complexity and cost, as well as the
schedule risk.
The ADCS, power, C&DH, flight software and thermal,
subsystems are all similar to the secondary mission
architectures. A subsystem breakout of the spacecraft
design is shown in Table 11. A Star 24 motor is
required to provide the necessary propulsive braking for
the rendezvous maneuver. The high LV margin will
have a positive effect on launch opportunity availability
around the heliocentric injection opportunity and will
also allow for possible mass growth on the spacecraft
keeping in mind that the required Star motor mass
increases rapidly with spacecraft mass.
Table 11: Mass and power summary by subsystem
MAAT Spacecraft

Mass [kg]

Instruments

9.3

Laser comm

25.7

ADCS

4.6

C&DH

5.4

TT&C

6.0

Propulsion

14.4

Power

18.7

Structures

21.8

Thermal

3.2

Dry mass

109.1

Contingency (25%)

27.3

Propellant Usable

13

Wet mass with contingency
Adaptors and Star Motor
Total System Mass
Launch capability
Falcon 9 / Taurus 2
Margin

149.4
232
381.4
1250 / 975
227.7% / 155.6%

The standard Ames Common Bus structure enables use
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of an upsized high gain antenna to improve RF
communication link performance. The dedicated launch
architecture increases the fixed parabolic reflecting
High Gain Antenna to 1.0 m instead of a 0.6m resulting
in an increased net antenna gain. The rest of the comm
system remains the same as the secondary architecture
using the DSN 34m BWG antennas with X-band
downlink and S-band uplink. Slight difference occur in
the mounting a placement within the bus volume and to
provide full coverage for the micro-strip patch
antennas.

opportunities in 2012, 2013 and 2014 with the current
dedicated schedule leading to a launch in May 2012.
The launch vehicles provide enough performance to
accommodate the 2013 and 2014 opportunities with
only a change in the Star motor used for the braking
burn. A significant risk to this concept is the Falcon 9
and Taurus 2 launch vehicles have not yet flown,
although parts of the design have been proven.
SUMMARY AND CONCLUSIONS
The MAAT mission provides a low cost method for
performing characterization of NEAs using an
innovative secondary launch architecture, bi-propellant
transfer stage and a spacecraft free-flyer with small
LCROSS based instrument suite. The instrument suite
includes a visual navigation and mapping cameras, a
MIR camera and a laser ranger with a large percentage
of reuse from the LCROSS instrument suite. The
mission will provide science data products including an
improved orbital model and physical characteristics that
can provide insights to the evolution of the solar
system, investigate the linkage of Earth and meteorites,
and assist in the mitigation of potential hazards arising
from NEOs. The mission is estimated to cost ~$135M,
a significant reduction in cost from typical asteroid or
interplanetary spacecraft missions.

The power system is modified to use the same high
efficiency (>27%) triple junction GaAs solar cells in
body-mounted configuration rather than one time
deployable arrays.
Schedule and Cost
Changing the MAAT mission to a dedicated launch
both simplifies the development and shortens the
overall mission length. The simplification involves
removing the transfer stage development in favor of
procuring a dedicated launch vehicle capable of directly
inserting the ARC Common Bus spacecraft into the
heliocentric transfer trajectory and utilizing an off the
shelf braking motor for final rendezvous with Apophis.
The shortened mission results from the elimination of
the orbital phasing maneuvers since the MAAT mission
selects the launch date and performs the heliocentric
injection maneuver immediately after launch. There is
also a reduction in development effort associated with
the reuse of the Common Bus structure and subsystems
(modified for the MAAT mission), as well as the
removal of the transfer stage development and
integration from the mission schedule. The estimated
cost for the dedicated mission is $95.6M excluding
launch costs which can range from $50-70M depending
on the vehicle selected.
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